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PETER S. TOPHAM, SAMIR A. HAYDAR, ROY KUPHAL, JEFFREY D. LIGHTFOOT,
and DAVID J. SALANT
Renal Section, Evans Department of Medicine and Clinical Research, Boston University Medical Center,
Boston, Massachusetts, USA
Complement-mediated injury reversibly disrupts glomerular minuria. This phenomenon, also referred to as foot pro-
epithelial cell actin microfilaments and focal adhesions. cess fusion, actually represents the retraction or collapse
Background. Foot process effacement and condensation of of the interdigitating tertiary pedicels of adjacent podo-the glomerular epithelial cell (GEC) cytoskeleton are manifes-
cytes. As a result, instead of a well-ordered arcade oftations of passive Heymann nephritis, a model of complement-
alternating, column-like foot processes from adjacent po-mediated membranous nephropathy.
Methods. To study the effects of complement on the actin docytes, the epithelial surface of the glomerular capillaries
cytoskeleton in this model, we have used an in vitro system in is covered by the flattened bodies of the visceral GECs.
which GECs are sublethally injured using a combination of Frequently, one sees that the actin cytoskeleton thatcomplement-fixing anti-Fx1A IgG and human serum as a source
supports the normal foot process architecture becomesof complement. We examined the effects of this injury on
condensed at the base of the effaced cell. Dislocation ofthe organization of the cytoskeleton and focal contacts using
immunohistology and immunochemistry. the slit diaphragms that normally bridge the filtration
Results. By immunofluorescence, sublethal complement- slits between adjacent foot processes and formation of
mediated injury was accompanied by a loss of actin stress fibers
occluding-type cell–cell junctions often accompanies footand focal contacts but retention of matrix-associated integrins.
process effacement. Sometimes, regions of podocyte de-Full recovery was seen after 18 hours. Western blot analysis
showed no change in the cellular content of the focal contact tachment from the underlying glomerular basement
proteins. Inhibition of the calcium-dependent protease calpain membrane (GBM) are also seen.
did not prevent injury. In addition, cycloheximide during recov- Lack of a well-differentiated podocyte culture system
ery did not inhibit the reassembly of stress fibers or focal contacts.
has precluded a systematic analysis of the structural biol-Injury was associated with a reduction in tyrosine phosphoryla-
ogy of the epithelial foot processes and their interactiontion of paxillin and a currently unidentified 200 kDa protein,
but inhibition of tyrosine phosphatase activity with sodium with the GBM. Nevertheless, several immunohistologi-
vanadate did not prevent injury. Cellular adenosine triphos- cal studies of normal and diseased glomeruli have docu-
phate content was significantly reduced in injured cells. mented the presence of many components known from
Conclusion. These results document reversible, complement-
cell culture models to be important in the formation ofdependent disruption of actin microfilaments and focal contacts
the so-called focal contacts [1]. These include the src-likeleading to the dissociation of the cytoskeleton from matrix-
protein paxillin, the cytoskeletal components, a-actinin,attached integrins. This may explain the altered cell–matrix
relationship accompanying podocyte effacement in membra- talin and vinculin, and the a3b1 integrin, which appears
nous nephropathy. to be the major extracellular matrix receptor expressed
on the soles of the podocytes [2]. Of the major cytoskele-
tal components, actin microfilaments predominate in the
The effacement of the foot processes of visceral glo- foot processes, whereas tubulin and the intermediate
merular epithelial cells (GECs; podocytes) is a common filament protein vimentin comprise the bulk of the cell
finding in many glomerular diseases characterized by albu- body [3]. Thus, it is reasonable to propose that the nor-
mal podocyte architecture is constructed and maintained
by a well-ordered arrangement of actin-associated inte-Key words: cytoskeleton, C5b-9, podocyte, integrin, membranous ne-
phropathy. grins that anchor the foot processes to the GBM by
interacting with type IV collagen and/or laminin. More-Received for publication July 20, 1998
over, it is quite likely that this is a flexible arrangement,and in revised form November 20, 1998
Accepted for publication December 1, 1998 allowing for variable degrees of retraction and protru-
sion in response to hydrostatic and hormonal stimuli 1999 by the International Society of Nephrology
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under different physiological and pathological condi- used for immunofluorescence microscopy, and horserad-
ish peroxidase (HRP)-conjugated goat anti-mouse IgGtions, which is facilitated by the now well-established
ability of integrins to convey external signals to the cell (Southern Biotechnology Associates Inc., Birmingham,
AL, USA) and HRP-conjugated goat anti-rabbit IgGinterior via a wide array of signaling molecules contained
within the focal adhesion complex [1]. (Sigma) were used for Western blotting.
Reversible foot process effacement is well recognized
Materialsduring proteinuric relapses of minimal-change disease,
a common cause of childhood nephrotic syndrome. It has All materials were purchased from Sigma unless other-
wise stated.also been carefully documented during the proteinuric
phase of experimental podocyte injury induced with pu-
Glomerular epithelial cellsrine aminonucleoside [4, 5] and following the neutraliza-
tion of cell surface charge by infusion of polycation [6]. Passaged rat GECs from a continuous cell line [9]
were used for all experiments. The epithelial nature ofMoreover, a recent study of these models suggests that
cell signaling may be involved in the structural changes [7]. these cells was established by their polygonal shape and
cobblestone appearance at confluence, cytotoxic suscep-Podocyte effacement, condensation of the foot process
cytoskeleton, and focal detachment from the GBM are tibility to low doses of aminonucleoside of puromycin,
positive immunofluorescence staining for cytokeratin, andprominent during the development of antibody-depen-
dent, complement-mediated GEC injury in the passive the presence of junctional complexes on electron micros-
copy. Additionally, these cells secreted collagen and lam-Heymann nephritis model of membranous nephropathy
in the rat [8]. However, a3b1 integrin distribution appears inin in a polarized fashion and expressed complement
regulatory proteins [13], a3b1 integrins [11], and antigensundisturbed in this model and in human membranous
nephropathy [2]. This raises the interesting possibility that are present on rat GECs and that contribute to
subepithelial immune deposits in vivo [12]. Therefore,that complement C5b-9–mediated podocyte injury sig-
nals the dissolution of intracellular focal adhesion com- these cells have several characteristics displayed by vis-
ceral GECs in vivo. Cells were grown and passaged onplexes, leaving the integrins intact. Because focal contacts
are necessary to maintain actin microfilaments [1], such collagen-coated culture dishes as described [11] and were
used for these experiments between passages 20 and 45.dissolution might cause the collapse or remodeling of
the foot process microfilamentous support structure [9].
Antibody and complement componentsTo explore this hypothesis, we have used a cell culture
system in which rat GECs are subjected to sublethal, The complement-fixing nephritogenic g1 subclass of
sheep anti-Fx1A IgG was used to sensitize the cells toC5b-9–mediated injury [10]. Although these cells are not
differentiated podocytes and lack foot processes, they complement. The non-complement–fixing g2 subclass of
anti-Fx1A was used as a control. The g1 and g2 sub-provide a useful model for such studies in that they
express the a3b1 integrin [11], have well-developed focal classes of sheep anti-Fx1A IgG were separated and puri-
fied by ion exchange chromatography as described [14].contacts and actin microfilaments, and display antigens
responsible for the development of passive Heymann Freshly donated, normal human serum (NHS) was used
as the source of complement. Previous studies have shownnephritis in vivo [12].
that sublethal injury induced in this way is entirely depen-
dent on assembly of C5b-9, the membrane attack complex
METHODS
of complement [10]. Heat-inactivated human serum (HIS;
Antibodies 568C for 30 min) served as the negative control.
Mouse monoclonal antibodies to focal adhesion kinase
Experimental design(anti-pp125FAK) and phosphotyrosine (PY20) were from
Transduction Laboratories (Lexington, KY, USA). Anti- For immunofluorescence, GECs were passed onto
glass cover slips (or type 1 collagen-coated glass coverpaxillin was from Zymed Laboratories Inc. (South San
Francisco, CA, USA), and anti-talin and anti-vinculin slips for integrin staining) and were allowed to adhere
and spread for several hours in standard K1 growth me-were from ICN Pharmaceuticals Inc. (Costa Mesa, CA,
USA). An irrelevant mouse IgG1 monoclonal antibody dium containing 5% fetal calf serum (GIBCO BRL,
Gaithersberg, MD, USA). Under these conditions, thewas used as a negative control. Polyclonal anti-a3 inte-
grin antibody was a gift from Drs. Michael DiPersio and cells became quiescent because they were able to prolif-
erate on only collagen [15]. The cells were washed onceRichard Hynes at the Whitehead Institute (Cambridge,
MA, USA). CY3-conjugated donkey anti-mouse IgG with phosphate-buffered saline (PBS) and then incu-
bated at 378C with 1 mg/ml g1 anti-Fx1A and 2.5 to 3%(Amersham Life Sciences Inc., Arlington Heights, IL,
USA) and fluorescein-conjugated goat anti-rabbit IgG NHS or with 1 mg/ml g2 anti-Fx1A and 2.5 to 3% HIS in
Krebs-Henseleit buffer (KHB) for 45 minutes. Ethidium(Sigma Immunochemicals, St. Louis, MO, USA) were
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homodimer (1.5 mm; Molecular Probes, Eugene, OR, Immunofluorescence
USA) in dimethyl sulfoxide (DMSO) was added to the After incubation, the cells were washed once with cold
incubation mixture to identify injured cells. Ethidium ho- PBS and were fixed and permeabilized in situ with 4%
modimer enters cells only when the plasma membrane is paraformaldehyde containing 0.1% saponin. After three
permeabilized. Once in the cytosol, it freely enters the five-minute washes with Tris-buffered saline (TBS), the
nucleus, intercalates with DNA, and gives bright fluo- cells were blocked with 1% bovine serum albumin (BSA)
rescence when appropriately stimulated. However, inter- for 15 minutes, followed by incubation for five minutes
calation of ethidium induces DNA excision repair mech- with 1% sodium dodecyl sulfate and then for one hour
anisms with consequent elimination of ethidium from each with the primary and conjugated secondary anti-
the nucleus [16]. Therefore, it is a useful marker of cell bodies diluted in 1% BSA in TBS. Between each incuba-
membrane permeabilization by C5b-9. It does not, how- tion, the cells were washed three times for five minutes
ever, persist during the 18- to 24-hour recovery period with TBS. All washes, blocking and incubation steps in-
used in these studies and, therefore, is not helpful as a cluded 0.05% saponin. In dual-staining experiments, the
marker of previous cell injury. The reaction was termi- two primary antibodies were incubated sequentially fol-
nated by aspirating the antibody and serum and by wash- lowed by the two secondary antibodies in sequence. Mono-
ing the cells with cold PBS. Some cover slips were fixed clonal anti-talin (1:40), anti-vinculin (1:50), anti-pp125FAK
immediately, as described later in this article, and others (1:50), and PY20 (1:50) were detected with donkey anti-
were allowed to recover for 18 to 24 hours in K1 medium mouse-CY3 (1:300). Rabbit anti-pp125FAK (1:50) was de-
before fixation and immunostaining. In some experi- tected with goat anti-rabbit-FITC (1:64). The lack of
ments, cycloheximide (15 mm; Calbiochem, La Jolla, CA, cross-reactivity of the secondary antibodies in dual-stain-
USA) was added during the recovery phase to inhibit ing experiments was verified by a lack of staining when
protein synthesis. In others, herbimycin (3 mg/ml) or the respective primary was excluded. Actin microfila-
genistein (10 mg/ml) was added during recovery to inhibit ments were stained with rhodamine-phalloidin (1:10).
protein tyrosine kinase activity. The role of tyrosine Integrin staining was achieved by the method de-
phosphatase activity was evaluated by preincubating scribed by DiPersio, Shah and Hynes, in which a chemi-
cells with the phosphatase inhibitors sodium vanadate cal cross-linker was used to fix the integrins on the under-
(0.5 mm) for 15 minutes or pervanadate (0.5 mm) prior to lying matrix prior to solubilization [17]. After the
injury and during exposure to antibody and complement. experiment, the cells were washed with cold PBS and
The role of the calcium-dependent protease calpain was incubated with 4 mm Bis(sulfosuccinimidyl)suberate
assessed by preincubating cells with the calpain inhibitor (BS3; Pierce Chemical Co., Rockford, IL, USA) in PBS
1 (Calbiochem) in concentrations ranging from 5 to 260 for 10 minutes at room temperature. Unreacted cross-
mm in 0.3% DMSO for 60 minutes prior to injury and linker was quenched with 10 mm Tris-HCl in PBS, pH
during exposure to antibody and complement. The vehi- 7.5. After three five-minute washes with KHB containing
cles for the various inhibitors, DMSO, PBS, or water, protease inhibitors (1 mm PMSF, 0.1 mm TLCK, 0.1 mm
served as controls. TPCK), the cells were solubilized with 0.5% NP40 in
For immunochemistry, the experimental design was KHB and then fixed with 3% paraformaldehyde in PBS,
identical, except the cells were plated at high density 12 pH 7.5, for 10 minutes. The subsequent blocking and
hours before incubation on dishes coated with a film of antibody incubation steps using rabbit anti-a3 integrin
rat tail collagen. At the end of incubation, the reaction (1:100) and goat anti-rabbit IgG FITC (1:64) were as
was stopped by washing the cells with cold PBS con- described earlier in this article.
taining a cocktail of protease and phosphatase inhibitors
Western blottingbefore lysis or extraction as described later in this article.
Cells grown on rat tail collagen-coated plates were
Quantitation of cell injury washed twice with cold PBS and then extracted with
After incubation with antibody and complement and CSK buffer (50 mm NaCl, 300 mm sucrose, 10 mm PIPES,
after the recovery period, the extent of cell injury was pH 6.8, 3 mm MgCl2, 0.5% vol/vol Triton X-100) con-
quantitated by counting cells with ethidium homodimer- taining protease inhibitors (1 mm PMSF, 0.1 mm TLCK,
stained nuclei, preserved stress fibers, and focal contacts. 0.1 mm TPCK) and phosphatase inhibitors (1 mm sodium
Consecutive high-power fields were examined from sev- vanadate, 15 mm sodium fluoride, 10 mm sodium pyro-
eral different experiments. The results were expressed as phosphate) for 15 minutes at 48C with agitation. The
the percentage of cells positive for each of the variables cells and collagen film were lifted off the plate using a
measured in each of the fields examined. These values cell scraper and were transferred to a microfuge tube.
were then compared between experimental and control Insoluble material was removed by centrifugation at
14,000 rpm in a desktop microfuge for 20 minutes. Theconditions.
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protein concentration of the supernatants was deter-
mined using the Coomassie Brilliant Blue G250 protein
assay (Bio-Rad, Hercules, CA, USA). Equal amounts of
protein were resolved on 7.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
then electroblotted to nitrocellulose membranes (Micron
Separations Inc., Westborough, MA, USA). Equal pro-
tein loading was verified by Ponceau S staining. The
membranes were blocked with 1% BSA in TBST (50
mm Tris, pH 7.6, 150 mm NaCl, 0.2% Tween 20) for one
hour followed by incubation for one hour each with
the primary and HRP-conjugated secondary antibodies
diluted in 1% BSA/TBST. Between incubations, the Fig. 2. Quantitation of cell injury. Cell counts were made after 45-
membranes were washed three times for five minutes each minute incubation with g2 anti-Fx1A and HIS (h; control) or g1 anti-
Fx1A and NHS (j; C5b-9). The results are expressed as the meanwith TBST. Monoclonal anti-talin (1:1000), anti-vinculin
percentage of counted cells with ethidium homodimer nuclear staining,(1:1000), anti-paxillin (1:1000), anti-pp125FAK (1:750), preserved stress fibers, and focal contacts. N, number of high-power
and anti-phosphotyrosine (PY20; 1:750) were detected fields examined for each marker of injury. Each field contained between
1 and 18 cells. When compared with control, C5b-9–mediated injurywith goat anti-mouse IgG-HRP (1:2000). Rabbit anti-a3
resulted in increased ethidium nuclear staining (0 vs. 73%, P , 0.001,integrin (1:500) was detected with goat anti-rabbit IgG- unpaired t-test) and fewer cells with preservation of stress fibers (100
HRP (1:2000). Immunoreactive proteins were identified vs. 7.1%, P , 0.001, unpaired t-test) and focal contacts (100 vs. 18.4%,
P , 0.001, unpaired t-test).using a chemiluminescent technique (Supersignal Chemi-
luminescent Substrate; Pierce Chemical). The relative
amounts of protein in each band were determined densi-
tometrically using NIH Image 1.61 (National Institutes fluorescent product. Samples were compared against
of Health, Bethesda, MD, USA). To enable data from freshly prepared DNA standards in a fluorometer with
different Western blots to be compared, the densitome- excitation and emission wave lengths of 365 and 458 nm,
try data were normalized for each protein by determining respectively.
the ratio of the band of interest relative to the most
prominent band within each blot. All results are ex-
RESULTSpressed as means 6 se. The differences between injured
and control cells were analyzed statistically by Student’s Sublethal concentrations of g1 anti-Fx1A and NHS
caused injury to a high proportion of GECs. This wast-test using Excel 5.0 (Microsoft Corporation, Redmond,
WA, USA). evident from the nuclear staining with ethidium homodi-
mer, whereas the nuclei of cells exposed to g2 anti-Fx1A
Adenosine 59 triphosphate assay and HIS were entirely negative. Cells exposed to g1 anti-
Fx1A and NHS and having stained nuclei exhibited aAfter incubation, cells were washed twice with ice-
cold KHB containing 10 mm dextrose and were then disruption of actin microfilaments and a loss of the nor-
mal pattern of focal contacts when stained for talin andsnap frozen with dry-ice–cooled 2-methylbutane. The
2-methylbutane was removed, and ice-cold 4% perchlo- vinculin (Fig. 1). In contrast, control cells incubated with
g2 anti-Fx1A and HIS retained their normal actin micro-rate solution was applied for 30 minutes immediately
prior to the assay. The supernatant was collected, ad- filaments and focal contacts (Fig. 1). After removing
the antibody and complement and allowing the cells tojusted to a pH of 8.0 to 8.2 with 7 m potassium hydroxide,
and then centrifuged at 15,000 g for 15 minutes at 48C. recover for 18 hours, the pattern of microfilaments and
focal contacts in the previously injured cells became in-Adenosine 59 triphosphate (ATP) was quantitated using
a luciferin-luciferase-based system (Analytical Lumines- distinguishable from the uninjured controls (Fig. 1).
The extent of complement-mediated injury was quan-cence Laboratory, Ann Arbor, MI, USA). Light emission
was measured in a luminometer against freshly prepared titated by counting the number of cells with preserved
focal contacts and stress fibers and ethidium homodimer-ATP standards. The data are expressed as a ratio of
ATP (nm) to total cellular DNA (mg). stained nuclei. Ethidium homodimer nuclear staining
was observed in 73% of C5b-9–injured cells comparedTotal cellular DNA was recovered from the cells by
incubation with 0.1 m sodium hydroxide for one hour at with 0% of the uninjured controls. The number of cells
with stress fibers (7.1 vs. 100%) and focal contacts (18.4378C followed by sonication. The extract was then kept at
48C until the assay was performed. DNA was quantitated vs. 100%) was significantly reduced in complement-
injured cells compared with uninjured controls (Fig. 2).using a Hoechst 33342 dye-based system (Calbiochem).
This reagent binds specifically to DNA, resulting in a After recovery for 18 hours, all cells had well-formed
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Fig. 3. Immunofluorescence micrographs show-
ing staining for a3 integrin in control (A) and
C5b-9 injured (B) glomerular epithelial cells
(GECs). In uninjured cells, the integrin staining
is seen in both a focal contact distribution in
association with cells (large arrows) and also in
areas where the cell periphery retracted during
fixation (small arrows). With injury, cells dis-
lodge during washing, but staining of matrix-
associated integrin persists and can be seen in
areas where the cell periphery was previously
located (small arrows). This suggests that focal
contact degradation involves a loss of associa-
tion between a3 integrin and other focal contact
proteins, leaving the integrin attached to the
extracellular matrix. Bright perinuclear staining
in (A) most likely represents integrins in the
Golgi apparatus (magnification 3400).
focal contacts and stress fibers, and no cells had ethidium anti-Fx1A and NHS without calpain inhibitor 1 sustained
significant injury (72% ethidium nuclear staining, 15%nuclear staining.
In contrast to the other focal contact proteins, the of cells with stress fibers, and 13% of cells with focal
contacts). The addition of calpain inhibitor 1 to the injurystaining for a3 integrin was unchanged by complement-
mediated injury (Fig. 3), suggesting that the dissolution media did not prevent the changes in cell morphology
(72% ethidium nuclear staining, 10% of cells with stressof the focal contact does not involve removal of integrin
attachment from the underlying matrix. It should also fibers, and 14% of cells with focal contacts).
Furthermore, when cells were incubated with the proteinbe noted that the anti-a3 integrin antibody recognizes
the cytoplasmic domain of the protein, and therefore, it synthesis inhibitor cycloheximide (at concentrations up to
15 mm) during the recovery period, complete restorationis unlikely that proteolytic cleavage of the integrin is
involved in focal contact breakdown. Furthermore, Fig- of the actin cytoskeleton and focal contacts was observed
(100% of cells with focal contacts and stress fibers), sug-ure 3 also shows that the injured cells were more easily
dislodged from the plate during washing, despite the gesting that de novo synthesis of focal contact proteins
is not required for morphological recovery (Fig. 5).persistence of matrix-associated integrin.
Western blot analysis of total cell lysates immediately Another potential mechanism underlying the cy-
toskeletal breakdown is dephosphorylation of focal con-after injury with g1 anti-Fx1A and NHS showed no statis-
tically significant change in the amounts of talin, vinculin, tact proteins. Dual immunofluorescence staining of
GECs for pp125FAK and phosphotyrosine revealed a simi-a3 integrin, paxillin, or pp125FAK, as compared with unin-
jured controls exposed to g2 anti-Fx1A and HIS (Fig. lar loss and recovery of focal contacts in injured cells.
Residual staining for phosphotyrosine was present at4), suggesting that focal contact loss is due to redistribu-
tion of focal contact proteins rather than their degrada- cell–cell contacts and in a punctate distribution in the
cytosol, but the pattern of staining typical of focal con-tion. In support of this hypothesis, inhibition of calpain
activity, a likely mediator of focal contact proteolysis, tacts was completely absent immediately after injury for
both pp125FAK and phosphotyrosine (Fig. 6). After 18did not prevent the loss of focal contacts or stress fibers.
Cells incubated with g2 anti-Fx1A and HIS in the pres- hours of recovery, focal contact staining for pp125FAK and
phosphotyrosine was restored (Fig. 6). Identical changesence or absence of 130 mm calpain inhibitor 1 had no
evidence of cell injury (0% ethidium nuclear staining, were observed when the cells were stained for paxillin
(not shown).97% of cells with stress fibers, and 98% of cells with
focal contacts, as determined by anti-vinculin antibody The extent of tyrosine phosphorylation was quanti-
tated by Western blotting. There was an apparent reduc-staining), indicating that calpain inhibitor 1 had no ad-
verse effect on cell morphology. Cells incubated with g1 tion in the density of several bands on Western blots for
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sis of Western blots confirmed the reduction in the phos-
photyrosine band corresponding to paxillin (Fig. 8).
To determine the relevance of this apparent dephos-
phorylation, tyrosine phosphatase activity was inhibited
using sodium orthovanadate or pervanadate. Western
blot analysis confirmed that incubation of GECs with
these reagents induced hyperphosphorylation of control
cells (Fig. 9) and prevented the dephosphorylation of
C5b-9–injured cells. Nonetheless, immunofluorescence
microscopy showed that vanadate treatment did not pre-
vent the loss of focal contacts and stress fibers in the
injured cells (Fig. 10). In addition, the focal contacts and
actin microfilaments recovered despite the presence of
the tyrosine kinase inhibitors genistein or herbimycin
during the recovery period (not shown). Overall, these
data suggest that dephosphorylation of focal contact pro-
teins is not sufficient in itself to cause disaggregation of
focal adhesions.
The measurement of ATP immediately after injury
revealed a reduction in the cellular ATP content of com-
plement-injured cells of 60 and 75% as compared with
controls in two separate experiments. The results of one
of these experiments are shown in Figure 11.
DISCUSSION
Glomerular epithelial cells grown on uncoated or ma-
trix-coated cover slips exhibited a similar morphology
with prominent actin microfilaments and focal contacts.
When plated at high density, the cells formed confluent
cobblestone-like monolayers with focal contacts in the
peripheral lamellipodia and across the basal surface of
all cells. The focal contacts were identified with antibod-
ies to talin, vinculin, paxillin, and pp125FAK. Phosphotyro-
sine staining was shown to colocalize with paxillin and
pp125FAK staining. Cell–cell contacts were distinctly out-
lined with anti–ZO-1 (not shown) and also stained strongly
Fig. 4. (A) Western blot analysis of focal contact-associated proteins for phosphotyrosine. Sparsely plated cells were morein control and C5b-9–injured GECs. This figure is a composite made
broadly spread and stained similarly, except that the focalup from several immunoblots, and the positions of the protein bands
do not accurately reflect their molecular weights. There appears to be contacts were more prominent in the peripheral lamelli-
no overall change in the expression of the focal contact proteins with podia and the cell–cell contacts were less intensely stained.C5b-9–mediated injury. (B) Densitometric analysis of focal contact
As previously reported [15], our GECs do not divideprotein bands identified by Western blotting in control (h) and C5b-9–
injured (j) GECs. No significant change in paxillin, vinculin, talin, and and multiply on any surface other than collagen. There-
a3 integrin expression was found between control and C5b-9–injured
fore, all cells present on uncoated cover slips after over-cells. pp125FAK expression was reduced in injured cells, but this did not
reach statistical significance (P 5 0.12, unpaired t-test). night incubation must have been exposed to the experi-
mental conditions applied the previous day. In addition,
the concentration of serum was carefully titrated to ad-
just for variations in complement activity in different
phosphotyrosine in lysates from the injured cells (Fig. 7). batches in order to achieve injury to 60 to 80% of cells,
One of these bands corresponded to the position of paxil- as determined by ethidium homodimer nuclear staining.
lin. Another prominent phosphotyrosine band at 200 kDa We have previously shown that the number of cells killed
was consistently reduced in injured cell lysates but has or detached by this degree of injury is negligible for the
not been identified (Fig. 7). The density of the phosphotyr- purposes of these studies [10, 18].
osine band corresponding to pp125FAK was moderately Our results show that sublethal concentrations of com-
plement, when activated in an antibody-directed fashionreduced in several but not all blots. Densitometric analy-
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Fig. 5. Immunofluorescence micrographs showing the effect of cycloheximide on the recovery of focal contacts and actin stress fibers after
complement-mediated GEC injury. Glomerular epithelial cells incubated with complement-fixing anti-Fx1A and normal human serum lose actin
stress fibers and focal contacts, as shown by immunohistology with rhodamine phalloidin (A) and anti-talin antibodies (B). Incubation in growth
medium containing 15 mm cycloheximide for 18 hours after this period of complement-mediated injury does not prevent reformation of actin stress
fibers (C) or focal contacts (D), suggesting that recovery from injury does not depend on de novo synthesis of these proteins (magnification 3400;
small arrows, focal contacts; large arrows, ethidium homodimer stained nuclei).
on the surface of GECs, produce a pronounced but re- against a significant role for calpain in complement-medi-
ated injury. This implies that the loss of actin microfila-versible disruption of the actin cytoskeleton and associ-
ated focal contacts. This disruption does not appear to ments and focal contacts is due to disassembly and dis-
persion of the component parts, and that recoverybe due to degradation of actin or the proteins that com-
prise the focal contacts. This is evident from our finding represents a process of reassembly. Not surprisingly,
there was no change in the total cellular content of a3that the total cellular content of these proteins is not
reduced during injury and that the reassembly of actin integrin on Western blot analysis or in the distribution
of this integrin in focal contacts during injury, suggestingmicrofilaments and focal contacts is not inhibited by the
protein synthesis inhibitor cycloheximide. Previously, it that during the dissolution of focal contacts, there is loss
of the association between a3 integrin and interactinghas been shown that complement-mediated injury results
in elevated intracellular calcium concentrations. This proteins such as talin and a-actinin leaving the integrins
attached to the extracellular matrix. This is in accordcould result in activation of calcium-dependent prote-
ases, such as calpain, and cleavage of focal contact/stress with what has been observed in vivo in experimental
and human membranous nephropathy [2].fiber-related proteins. However, inhibition of calpain ac-
tivity using calpain inhibitor 1 during injury did not pre- There does, however, appear to be a marked and quite
generalized reduction in the level of protein tyrosinevent the loss of focal contacts or stress fibers. In addition,
by immunoblot analysis, there was no evidence of cal- phosphorylation. At least one of the two bands found
to be consistently dephosphorylated during complement-pain-mediated cleavage of talin, a focal contact target
of activated calpain. Taken together, these data argue mediated injury corresponds to a known component of
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Fig. 6. Dual immunofluorescence micrographs for pp125FAK (A–C) and phosphotyrosine (D–F). Cells incubated with g2 anti-Fx1A and heat-
inactivated serum (A, D) show colocalization of pp125FAK and phosphotyrosine staining in the focal contacts (small arrows). With C5b-9–induced
cell injury (B, E), focal contacts are lost, and phosphotyrosine staining redistributes from focal contacts to the cytoplasm and cell junctions. Cell
injury is evident from ethidium homodimer staining of the nuclei (large arrows). With recovery from C5b-9–induced injury, there is complete
restoration of focal contact staining for both pp125FAK and phosphotyrosine (C, F; small arrows). The apparent nuclear staining shown by arrowheads
(A, C, D, F) does not represent ethidium homodimer uptake but is typically seen with these antibodies.
the focal contact, namely paxillin at 60 to 80 kDa. In protein dephosphorylation, suggests that the comple-
ment-mediated effect is not due to dephosphorylationaddition, a prominent band at approximately 200 kDa
was repeatedly found to be affected, but this protein has of focal contact proteins alone. This is supported by the
observation that the protein tyrosine kinase inhibitorsnot been specifically identified. Our finding that stress
fibers and focal contacts are lost even in the presence of genistein and herbimycin did not prevent reassembly of
stress fibers and focal contacts, suggesting that proteinvanadate, which we have shown prevents focal contact
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Fig. 7. Western blot analysis for tyrosine phosphoproteins in GEC
extracts following control and C5b-9 injury. A number of prominent
bands can be identified: The band at 125 kDa corresponds to pp125FAK
and the band at approximately 80 kDa corresponds to paxillin. A reduc-
tion in tyrosine phosphorylation of the paxillin band can be observed
with complement-mediated injury. In addition, a prominent band at
approximately 200 kDa becomes markedly dephosphorylated with in-
jury; however, this band has not been identified.
Fig. 9. Western blot analysis of GEC lysates for phosphotyrosine in
control and C5b-9 injured cells treated with 0.5 mM sodium vanadate.
Cells exposed to vanadate before and during injury (center lane) showed
relative hyperphosphorylation of several proteins as compared with
those injured in the absence of vanadate (left lane); however, this did
not prevent the loss of focal contacts (Fig. 10).
tyrosine phosphorylation is not vital for cytoskeletal re-
assembly following this form of injury.
We have also demonstrated a significant depletion of
cellular ATP during complement-mediated injury. It
should be noted that the degree of ATP depletion mea-
sured probably underestimates the degree of ATP deple-
tion in the injured cells because we achieve injury in 60
to 80% of the cells and the measured ATP level reflects
the mean value of all cells in the sample, including unin-
jured cells. It is therefore likely that injured cells have
somewhat more than 80% ATP depletion.
These findings provide a possible explanation for the
reversible changes in podocyte morphology seen in vivo
in proteinuric disorders. During the phase of active im-
mune complex deposition and complement-mediated in-
Fig. 8. Densitometric analysis of the phosphotyrosine content of paxil- jury in experimental membranous nephropathy, there
lin. Western blots of cell lysates were probed for both paxillin and
is marked effacement of podocyte foot processes andphosphotyrosine. The paxillin band and the phosphotyrosine band that
corresponded to paxillin were analyzed densitometrically, and the ratio collapse of the actin cytoskeleton [19]. At this time, im-
of paxillin to tyrosine phosphorylated paxillin was derived. A statisti- munoelectron microscopy shows a normal distribution
cally significant increase in this ratio was observed with complement-
of the b1-integrin at the base of the effaced podocytemediated injury (P 5 0.046, unpaired t-test, one-tailed, N 5 9 per group),
indicating that cell injury results in dephosphorylation of paxillin. foot processes [2]. How then might one explain the loss
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Fig. 10. Immunofluorescence micrographs showing the effect of 0.5 mM sodium vanadate on actin (A, B) and phosphotyrosine staining (C, D) in
control (A, C) and C5b-9–injured (B, D) cells. A generalized increase in cellular phosphotyrosine staining was observed in vanadate-treated cells;
however, this did not prevent the C5b-9–induced loss of actin stress fibers (B) and focal contacts (D). Cell injury is apparent from the altered
morphology and nuclear staining with ethidium homodimer (B and D; magnification 3400).
of the normal cell–matrix relationship that maintains the assembly is as follows. Integrin binding with the extracel-
lular matrix results in the accumulation of talin, pp125FAK,normal foot process architecture? Tremendous progress
has been made over the last few years in characterizing vinculin, and a-actinin around the cytoplasmic domain
of the integrin [20]. Actin fibers interact with a-actininthe processes that result in the organization of the cy-
toskeleton and its attachment to extracellular matrix and and talin to form a loose actin meshwork. Aggregation
of these actin fibers to form stress fibers requires theother cells. A model for stress fiber and focal contact
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effects on multiple steps in the regulation of the cytoskel-
eton because its maintenance is an energy-requiring pro-
cess and it is well recognized that cytoskeletal collapse
is a major consequence of energy depletion. Second,
because we have demonstrated significant permeability
of the injured cell membranes to large molecular weight
dextrans, loss of cytoplasmic components vital to cy-
toskeletal assembly could occur. Some support for this
idea was presented in a recent study that examined focal
contact assembly in permeabilized fibroblasts, showing
that focal contact and stress fibers could be reconstituted
by the application of exogenous cytosol [27].
Our present studies indicate that the disruption may
occur at the level of the integrin–actin connection
through dispersion of the actin-binding proteins. Previ-
ous work would suggest that the dephosphorylation of
pp125FAK and paxillin is not sufficient alone to explain
the breakdown of the actin cytoskeleton, and thus, other
mediators of injury need to be identified. Cellular energy
depletion and/or loss of ERM proteins are potential can-
didates being investigated.
Although our results identify a possible mechanism
for the alteration in cell–matrix interaction that follows
complement-mediated injury, they do not explain the
Fig. 11. Adenosine triphosphate (ATP) content of control and C5b-9– persistent effacement of foot processes seen in vivo. In
injured GECs. A significant reduction in ATP content was observed this instance, injury is promptly reversible because the
in C5b-9–injured cells compared with control cells (P 5 0.009, unpaired noxious stimuli are rapidly removed. In vivo, however,t-test, N 5 6 per group). The results are corrected for variations in cell
antibody- and complement-mediated injury persists fornumber by expressing the data as a ratio of the DNA content of the
cell lysates. weeks to months. As a result, when the immunologic
insult eventually subsides and recovery occurs, there
have been secondary changes in the underlying matrix
because of the disorganized deposition of new basement
involvement of Rho, a member of the Ras family of membrane material [32], such that the reforming foot
small GTP-binding proteins [21]. Rho leads to myosin processes are unable relocate to their original positions,
light-chain phosphorylation [21], resulting in the forma- resulting in persistent proteinuria.
tion of contractile myosin filaments that align the actin In summary, we have demonstrated in a cell-culture
fibers to form stress fibers, which, in turn, causes the model that sublethal complement-mediated injury of
attached integrin/focal contact protein aggregates to GECs leads to reversible disruption of actin microfila-
cluster, thus forming focal contacts. A number of down- ments and focal contacts. This appears to be associated
stream effectors of Rho have been described, such as with dephosphorylation of focal contact proteins rather
Rho-kinase [22], p160ROCK [23], p140mDia [23], phos- than degradation, but the precise mechanisms still re-
phatidylinositol 4-phosphate-5 kinase (PIP5-kinase) [24– quire clarification. These findings also do not preclude
the involvement of similar mechanisms in other forms26], and the ERM proteins (ezrin, radixin, moesin) [27–
of cell injury. Thus, our findings may serve as a paradigm29], all of which appear to be critical for cytoskeletal
for studying the mechanisms of podocyte effacement inassembly.
other proteinuric diseases.In this model system, there are a number of possible
mechanisms that could result in loss of focal contacts
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